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We utilize a new framework, CUJET3.0, to deduce the energy and temperature dependence of
jet transport parameter, qˆ(E > 10 GeV, T ), from a combined analysis of available data on nuclear
modification factor and azimuthal asymmetries from RHIC/BNL and LHC/CERN on high energy
nuclear collisions. Extending a previous perturbative-QCD based jet energy loss model (known
as CUJET2.0) with (2+1)D viscous hydrodynamic bulk evolution, this new framework includes
three novel features of nonperturbative physics origin: (1) the Polyakov loop suppression of color-
electric scattering (aka “semi-QGP” of Pisarski et al) and (2) the enhancement of jet scattering
due to emergent magnetic monopoles near Tc (aka “magnetic scenario” of Liao and Shuryak) and
(3) thermodynamic properties constrained by lattice QCD data. CUJET3.0 reduces to v2.0 at
high temperatures T > 400 MeV, but greatly enhances qˆ near the QCD deconfinement transition
temperature range. This enhancement accounts well for the observed elliptic harmonics of jets with
pT > 10 GeV. Extrapolating our data-constrained qˆ down to thermal energy scales, E ∼ 2 GeV, we
find for the first time a remarkable consistency between high energy jet quenching and bulk perfect
fluidity with η/s ∼ T 3/qˆ ∼ 0.1 near Tc.
PACS numbers: 25.75.-q, 12.38.Mh, 24.85.+p, 13.87.-a
Introduction.— Deconfined quark-gluon plasmas
(QGP) are created in ultrarelativistic heavy-ion colli-
sions at the BNL Relativistic Heavy Ion Collider (RHIC)
and the CERN Large Hadron Collider (LHC) [1–3].
Two of the most striking properties of the QGP are its
perfect (minimally viscous) fluidity as quantified by its
shear viscosity to entropy density ratio η/s ∼ 0.1 − 0.2
[4–8] and the strong quenching of high energy jets
quantified by the normalized jet transport coefficient
qˆ/T 3 [10–15, 21]. Interestingly by comparing RHIC
and LHC measurements it was found that both QGP
properties vary with beam energy with extracted aver-
age η/s increasing while qˆ/T 3 decreasing (by ∼ 30%)
from RHIC to LHC [7–10, 17–19]. These observations
indicate a relatively strong temperature dependence of
such medium properties in the 1 ∼ 3Tc region.
Up to now however has been no quantitative and
consistent microscopic understanding of both bulk col-
lectivity and jet quenching in QGP. Perturbative-QCD
(pQCD) based models for qˆ(E, T ) that account for jet
quenching at high energies are found to be inconsistent
with small η/s ∼ T 3/qˆ when extrapolated down to ther-
mal energy scales [6]. On the other hand, strong coupling
models that can easily account for η/s ∼ 1/4pi perfect flu-
idity tend to over-predict quenching of high energy jets
when extrapolated to high energies [20, 21]. None of
these models show strong T-dependence for η/s or qˆ/T 3.
In this Letter, we address these questions by taking
into account three important nonperturbative proper-
ties of QGP suggested by lattice QCD calculations into
a new microscopic model of semi-quark-gluon monopole
plasmas (sQGMP) in the crossover QCD transition tem-
perature range T ∼ 1 − 2 Tc: (1) the lattice Polyakov
loop suppresses color-electric degrees of freedom (aka
the “semi-QGP” [22–25]) and (2) lattice data on color
magnetic degrees of freedom suggests the emergence of
color-magnetic monopoles near Tc (aka “magnetic sce-
nario” [26–28]). In addition (3) lattice data on the QCD
equation state [29, 30], P (T ) and S(T ) = dP/dT , shows
a rapid decrease as T decreases, limiting the sum of color
electric (q+g) and color magnetic (m) densities. No ar-
bitrary parameters are introduced as these new features
are fully constrained by lattice QCD data [31–37].
In order to demonstrate these, we generalize the
pQCD-based CUJET2.0 scheme for jet energy loss
dE/dx, to include effects of (1) suppressed semi-QGP
color electric degrees of freedom (reducing dEq+g/dx)
and (2) enhanced dEm/dx of jets on emergent color
magnetic monopoles near Tc. We find that the result-
ing qˆ(E, T ) dependence on jet energy E, and sQGMP
temperature T , is such that when extrapolated down to
thermal energy scale E < 2 GeV near Tc, it is greatly
enhanced so that our predicted bulk η/s ≈ T 3/qˆ falls
close to minimal uncertainty bound near Tc. We thus
confirm quantitatively with CUJET3.0 the early quali-
tative suggestions [26–28, 38–44], namely the key micro-
scopic dynamical ingredient that can reconcile observed
low pT bulk perfect fluidity with high pT perturbative
QCD jet quenching, is the emergence of color magnetic
degrees of freedom. The new twist with CUJET3.0 is
the essential role of semi-QGP suppression of color elec-
tric degrees of freedom. It is the combination of these
two novel effects in our extended picture of semi-quark-
gluon-monopole plasmas that can give rise to both hard
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FIG. 1. (Color online) (a) Temperature dependence of shear
viscosity per entropy density (η/s) for quasi-partons of quark
(q), gluon (g) and monopole (m) type, as well as their over-
all contribution (All). (b) The density fractions of q, g, m.
Solid lines correspond to the sQGMP model (CUJET3.0),
while dashed ones correspond to the pQCD+HTL model (CU-
JET2.0). The AdS/CFT perfect fluidity limit η/s = 1/4pi is
marked as SYM. The shaded line is the Hadron Resonance
Gas (HRG) η/s from [82]. The falling of sQGMP’s η/s below
1/4pi is due to the limitation of kinetic theory estimate of η/s
in the low E extrapolation of T 3/qˆ(E ∼ 3T, T ) [6].
and soft transport properties of the new phase of QCD
matter produced in ultra-relativistic heavy ion collisions.
Leaving detailed comparison with data to later, we
highlight first the two main findings from our sQGMP
model. For the shear viscosity η/s, we show in Fig.1 the
results from two models: the CUJET2.0 result assuming
the pQCD HTL model of QGP compared to the CU-
JET3.0 result based on the sQGMP model. The former
perturbative model clearly over-predicts the phenomeno-
logically deduced η/s and has the wrong sign of temper-
ature trend from RHIC to LHC. On the other hand, the
nonperturbative sQGMP model features an especially
small value η/s ∼ 0.1 in T . 2Tc range, with a rapid
increase toward high T , in line with empirical data. Our
main point is that sQGMP provides a viable path toward
perfect fluidity in contrast to all past attempts starting
from perturbative jet quenching as considered in the JET
collaboration summary [10].
The jet transport coefficients qˆ/T 3 of the same two
models are shown in Fig.2. Here one sees the strong
near-Tc enhancement of the sQGMP opacity as compared
with the perturbative HTL model of the QGP. As we
will demonstrate in Fig.4 later, while both models of
the QGP can describe the single inclusive hadron sup-
pression (quantified by nuclear modification factor RAA)
data, only the nonperturbative sQGMP model with non-
trivial near-Tc behavior can account well for both high
pT RAA and its azimuthal anisotropy v2. We again em-
phasize that no new parameters are introduced in this
analysis since the sQGMP properties are constrained by
available lattice QCD data — see details in Fig.3.
The sQGMP model setup.— Let us start with a brief
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FIG. 2. (Color online) Temperature dependence of (a) the
dimensionless jet transport coefficient qˆ/T 3 and (b) the ab-
solute qˆ for a quark jet (F ) with initial energy E = 2, 10,
50 GeV, computed from CUJET3.0 (semi-QGP + chromo-
magnetic monopoles) with (αc, cm) = (0.95, 0.3), compared
with the result from CUJET2.0 (pQCD + HTL) [45] with
(αmax, fE , fM ) = (0.39, 1, 0), and the result from N = 4 su-
per Yang-Mills (SYM) calculations (qˆ ≈ 26.69√λ/4piT 3) [46].
discussion on the previous CUJET2.0 framework. In
the radiative energy loss sector, the perturbative QCD
(pQCD) based n = 1 DGLV [47–49] opacity series with
multi-scale running strong couplings [50, 51] and Hard
Thermal Loop (HTL) dynamical screening potential [52]
can be written as [45]:
xE
dNn=1g
dxE
=
18CR
pi2
4 +Nf
16 + 9Nf
∫
dτ n(z)Γ(z)
∫
d2k
× αs( k
2
x+(1− x+) )
∫
d2q
α2s(q
2)
µ2(z)
f2Eµ
2(z)
q2(q2 + f2Eµ
2(z))
× −2(k− q)
(k− q)2 + χ2(z)
[
k
k2 + χ2(z)
− (k− q)
(k− q)2 + χ2(z)
]
×
[
1− cos
(
(k− q)2 + χ2(z)
2x+E
τ
)](
xE
x+
) ∣∣∣∣dx+dxE
∣∣∣∣ . (1)
In the above CR = 4/3 (quark), 3 (gluon) is the quadratic
Casimir of the jet; z = (x0 + τ cosφ, y0 + τ sinφ; τ) is the
coordinate of the jet in the transverse plane; n(z) and
T (z) is the local number density and temperature of the
medium in the local rest frame. In the presence of hydro-
dynamical four velocity fields, uµf (z), a relativistic flow
correction factor Γ(z) = uµfnµ must also be taken into ac-
count [20, 53, 54], with flow velocity uµf = γf (1,
~βf ) and
null parton velocity nµ = (1, ~βjet). The Debye screening
mass µ(z) is determined from solving the self-consistent
equation µ2(z) =
√
4piαs(µ2(z))T (z)
√
1 +Nf/6 as in
[55]; χ2(z) = M2x2++m
2
g(z)(1−x+) controls the Landau-
Pomeranchuk-Migdal (LPM) phase, the gluon plasmon
mass m2g(z) = f
2
Eµ
2(z)/2, and fE is the HTL defor-
mation parameter. The gluon fractional energy xE and
fractional plus-momentum x+ are related via x+(xE) =
xE [1 +
√
1− (k⊥/xEE)2]/2.
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FIG. 3. (Color online) (a) The Polyakov loop L(T ) parame-
terization in the sQGMP model compared with lattice data
from HotQCD [58] and Wuppertal-Budapest Collaboration
[59]; (b) The fractions of electric (red, χ(T )) and magnetic
(blue, 1 − χ(T )) quasi-particles in sQGMP as temperature
varies. (c) The EOS from HotQCD (gray band: lattice data,
dashed black: parametrization, both are in [30]) as well as the
number density of E (red) and M (blue) degrees of freedom
at various temperatures. (d) The temperature dependence
of the screening mass µE/T (red, electric) and µM/T (blue,
magnetic) in sQGMP compared with lattice calculations [60].
A key ingredient in Eq. (1) is the scattering rate of jet
partons by medium scattering centers, given by
x
dN
dx
∝ ...
∫
q2
[
nα2s(q
2) f2E
q2(q2 + f2Eµ
2)
]
... . (2)
With both electric and magnetic quasiparticles in
sQGMP, the above integrand needs to be generalized as:[
ne
(
αs(q
2)αs(q
2)
)
f2E
q2(q2 + f2Eµ
2)
+
nm
(
αe(q2)αm(q2)
)
f2M
q2(q2 + f2Mµ
2)
]
.(3)
And in the above αeαm = 1 at any scale according to
Dirac quantization condition [27]. The parameters fE
and fM are defined as fE = µE/µ and fM = µM/µ with
µE and µM the electric and magnetic screening masses
respectively. We further divide the total scattering cen-
ter density n into electric ones with fraction χT = ne/n
and thus magnetic ones with fraction 1 − χT = nm/n.
Expression (3) then reads:
n
[
α2sχT
(
f2E +
f2Ef
2
Mµ
2
q2
)
+ (1− χT )
(
f2M +
f2Ef
2
Mµ
2
q2
)]
(q2 + f2Eµ
2)(q2 + f2Mµ
2)
.(4)
In the regime T ∼ Tc the running of the strong coupling
becomes non-perturbative [26, 27, 56, 57] and poorly un-
derstood. A plausible parametrization, motivated by ex-
traction [27] from lattice data, is given by:
αs(Q
2) = αc/
[
1 +
9αc
4pi
Log(
Q2
T 2c
)
]
, (5)
with Tc = 160 MeV. At large Q
2, Eq. (5) converges to
vacuum running, while at Q = Tc, the αs reaches αc.
To determine χT , we notice: (1) at high T it should
go to unity χT → 1; (2) getting close to the regime
T ∼ (1− 3)Tc the Polyakov loop value L deviates signif-
icantly from unity, implying suppression ∼ L for quarks
and ∼ L2 for gluons. Such near-Tc suppression, as first
emphasized in the “semi-QGP” model [22–25], implies
that quark and gluon densities drop much faster than
the thermodynamic quantities: see Fig.3c. This points
to “missing” degrees of freedom, identified as thermal
monopoles [26, 27] that are strongly enhanced near-Tc.
Such monopoles emerge in gauge theories at strong cou-
pling and are thermal excitations of magnetic condensate
as the “dual superconductor” enforcing vacuum confine-
ment [31–33]. With such insights we adopt the ansatz:
χT = cq L+ cg L
2 , (6)
where we use the Stefan Boltzmann (SB) fraction coef-
ficient for quarks and gluons , cq = (10.5Nf )/(10.5Nf +
16) and cg = 16/(10.5Nf + 16). The tempera-
ture dependent Polyakov loop L(T ) can be param-
eterized from lattice data (T in GeV) as L(T ) =[
1
2 +
1
2Tanh[7.69(T − 0.0726)]
]10
. Both the HotQCD
[58] and Wuppertal-Budapest [59] results are well-fitted
(see Fig.3(a)) thus fixing χT and (1− χT ) in Fig.3(b).
The electric and magnetic screening masses (µE,M =
fE,M µ) also play important roles. To specify these, we
draw upon insights from very high temperature limit
where one expects fE → 1 from HTL results and fM ∼ g
(i.e. µM ∼ g2T ) from magnetic scaling in high T di-
mensional reduction. On general grounds the screening
masses are expected to scale as µ2E,M ∼ αE,MnE,M/T
Therefore in extrapolation to lower temperature we ex-
pect the electric mass to be suppressed like
√
χT (T ) but
approaching unity at high T limit. For the magnetic
screening mass, we have nM ∼ (αET )3 , i.e. µM ∼ αET
(as supported by lattice [60]). Thus we use the following
T -dependent screening masses in the model:
fE(T ) =
√
χT , fM (T ) = cm g . (7)
For the consistency with Eq. (1), the “coupling” is de-
fined via g(T ) =
√
4piαs(µ2(T )) = µ(T )/(T
√
1 +Nf/6).
These masses are in reasonable agreement with lattice
extracted values [60]: see Fig.3(d).
In the CUJET3.0 framework, the bulk evolution pro-
files are generated from the VISH2+1 [7, 8, 29] code
with MC-Glauber initial condition, τ0 = 0.6 fm/c, s95p-
PCE Equation of State (EOS), η/s = 0.08, and Cooper-
Frye freeze-out temperature 120 MeV. Event-averaged
4smooth profiles are embedded, and the path integrations
in Eq. (1) for jets initially produced at various transverse
coordinates are cutoff at dynamical T (x0, φ, τ)|τmax =
160 MeV hypersurfaces. All these bulk evolution details
are the same as those in the CUJET2.0 framework [45].
Poisson multiple gluon emissions are assumed, and
Gaussian fluctuations for elastic energy loss (Thoma-
Gyulassy, c.f. [61]) are taken into account. The total
energy loss probability distribution is the convolution of
radiative and elastic sector; it is then convoluted with LO
pQCD (light) [62] or FONLL (heavy) [63] pp production
spectra, Glauber A+A initial jet distributions [64], and
finally jet fragmentation functions [65, 66] to get the nu-
clear modification of hadron spectra in A+A collisions.
Jet quenching phenomenology from CUJET3.0.— We
now apply this new framework for computing high
pT single inclusive hadron observables. The nu-
clear modification factor RhAA for hadron species h
is defined as the ratio of the A+A spectrum to
the p+p spectrum, scaled according to the num-
ber of binary collisions Nbin: R
h
AA(pT , y;
√
s, b) =
dNhAA/dydpT
Nbin dNhpp/dydpT
. The azimuth-differential yield dN
h
dypT dpT dφ
can be quantified by its Fourier component coeffi-
cients vn:
dNh
dypT dpT dφ
(pT , φ, y;
√
s, b) = 12pi
dNh
dypT dpT
×[
1 + 2
∑∞
n=1 v
h
n cos
(
n(φ−Ψhn)
)]
. We focus on the sec-
ond, elliptic moment v2 at high pT .
Fig. 4 shows the comparison of data and CUJET3.0
results for mid-rapidity (y = 0) RAA(pT ) and v2(pT ) of
inclusive neutral pions (pi0) and charged particles (h±)
in Au+Au
√
sNN = 200 GeV and Pb+Pb
√
sNN = 2.76
TeV semi-peripheral collisions. There is only one param-
eter αc that is fixed by a single reference data point, i.e.
Rh±AA(pT = 12.5GeV) ≈ 0.3 at LHC, and all other param-
eters are already determined from lattice QCD (including
the cm in Eq. (7), c.f. Fig.3). Evidently, the CUJET3.0
framework simultaneously describes both RAA and v2 at
both RHIC and LHC. This finding quantitatively vali-
dates earlier arguments [41, 54] that enhanced energy
loss at later time generically increases v2 for fixed RAA.
We also predict the high pT RAA(pT ) and v2(pT ) for
D and B meson at LHC semi-peripheral 20-30% Pb+Pb√
sNN = 2.76 TeV collisions, shown in Fig. 4. These
results are all consistent with existing data (where avail-
able) and can be tested with future measurements.
Hard and soft transport properties in sQGMP model.—
We now present the details for computing the transport
coefficients shown in Fig.1 and 2. The jet transport co-
efficient qˆ in CUJET3.0 can be computed from:
qˆF =
∫ 6ET
0
dq2
2piq2
(q2 + f2Eµ
2)(q2 + f2Mµ
2)
ρ(T )
× [(Cqqfq + Cqgfg)α2s(q2) + Cqm(1− fq − fg)] . (8)
The total number density ρ(T ) is related to the lattice
pressure p(T ) s95p-PCE using ρ(T ) = ξ p(T )/T with ξ =
[90ζ(3)(16 + 9Nf )]/[pi
4(16 + 10.5Nf )] = 1.012 for a Nc =
3, Nf = 2.5 SB gas. The ρ(T ) here is identical to n(T (z))
in Eq. (1). The fq,g are fractional quasi-parton densi-
ties of quark or gluon type which are parametrized via:
fq = cqL(T ), fg = cgL(T )
2 with the same cq,g and L(T )
as in Eq. (6) and Fig.3. The monopole fraction is thus
fm(T ) = 1−fq(T )−fg(T ). The color factors in Eq.(8) are
given by Cqq =
4
9 , Cgg = Cmm =
9
4 , Cqg = Cgq = Cqm =
Cmq = 1. Fig. 2 shows the qˆF for quark jets correspond-
ing to CUJET3.0 with (αc, cm) = (0.95, 0.3). The results
are compared with those from HTL-pQCD-based CU-
JET2.0 [45] with (αmax, fE , fM ) = (0.39, 1, 0), as well as
those from AdS/CFT calculations (qˆ ≈ 26.69√λ/4piT 3
[46]). The qˆ/T 3 shows a prominent peak around Tc as
proposed in [41]. The absolute magnitude of qˆ in sQGMP
demonstrates a smooth crossover from the weakly cou-
pled pQCD limit well above Tc to the strongly coupled
N = 4 super Yang-Mills (SYM) limit near Tc.
We now turn to the shear viscosity that can be ulti-
mately connected with jet transport property in the weak
coupling limit, as first pointed out in [6]. Following [4–
6], an estimate of shear viscosity per entropy density η/s
can be derived from kinetic theory:
η/s =
1
s
4
15
∑
a
ρa〈p〉aλtra
=
4T
5s
∑
a
ρa
(∑
b
ρb
∫ 〈Sab〉/2
0
dq2
4q2
〈Sab〉
dσab
dq2
)−1
=
18T 3
5s
∑
a
ρa/qˆa(T,E = 3T ) . (9)
Notice here we extrapolate qˆ(T,E) down to the average
thermal energy scale E ∼ 3T and denote ρa(T ) as the
quasi-parton density of type a = q, g,m. The mean ther-
mal Mandelstam variable 〈Sab〉 ∼ 18T 2. The contribu-
tions of a = q, g,m to η/s are shown in Fig. 1(a), with
the factions of quasi-parton densities shown in Fig. 1(b).
The qˆa=g,m for adjoint gluons and monopoles are similar
to Eq. (8), subject to appropriate changes of the color
factors Cab. For the case of monopole-monopole scat-
tering the Cmm(1 − χT ) term is enhanced by 1/α2(q)
while α2(q2) → 1 for the m + q and m + g channels.
Clearly the viscosity of the system is dominated by the
quark component which has the largest ρa/qˆa. Interest-
ingly the qˆ/T 3 enhancement in the 1-2 Tc region due to
quark-monopole scattering also reduces the η/s greatly
and quickly relative to perturbative values at high tem-
perature. A similar effect, i.e. the reduction of η/s due to
enhanced gluon scattering rate by monopoles, was found
earlier in [81] for a pure-glue plasma. Toward Tc and be-
low, monopoles will condense into vacuum and hadronic
resonance gases shall take over the thermal system. In-
cluding such a hadronic component, as we will study in
the future, is necessary for a more accurate description
of a likely rapidly increasing η/s in the low-T region, as
indicated by e.g. a recent work [82].
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FIG. 4. (Color online) (a) RAA(pT ) and (b) v2(pT ) of inclusive neutral pions (pi
0) and charged particles (h±) in Au+Au√
sNN = 200 GeV and Pb+Pb
√
sNN = 2.76 TeV collisions, computed from CUJET3.0 with the impact parameter b = 7.5 fm,
compared with corresponding data from ALICE, ATLAS, CMS, PHENIX and STAR [67–75]. With (αc, cm) = (0.95, 0.3), the
results of CUJET3.0 are consistent with data of both RAA and v2 at both RHIC and LHC simultaneously. CUJET3.0 (b = 7.5
fm) predictions of RAA(pT ) and v2(pT ) for open heavy flavors (D meson, red; B meson, green) at LHC semi-peripheral Pb+Pb√
sNN = 2.76 TeV collisions are also plotted. The D meson results with pT < 20 GeV/c agree with ALICE data of both RAA
and v2 [76, 77], while the B meson RAA results at 6.5 < pT < 30 GeV/c are in agreement with non-prompt J/ψ at CMS [78].
Summary. We have developed a jet energy loss
framework CUJET3.0, based on the semi-quark-gluon-
monopole plasma (sQGMP) model that implements non-
perturbative effects constrained by lattice QCD data.
This model leads to several highly nontrivial findings:
a consistent description of both bulk perfect fluidity and
high pT jet quenching phenomena; a strong increase of
qˆ/T 3 accompanied by a strong decrease of η/s toward Tc;
a simultaneous description of high pT RAA and v2 data
at RHIC and the LHC. Potential modeling uncertainties
have been checked [83] and these findings remain robust.
More detailed results and discussions on this novel devel-
opment will be reported in a forthcoming publication.
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